INTRODUCTION {#S5}
============

As many as 60--70% of newborns delivered prior to 28 weeks experience a patent ductus arteriosus (PDA) beyond the first few days of life ([@R1]). Although PDA-associated short- and long-term morbidity and the need for intervention remains debated, there is emerging evidence that PDA exposure into the second week of life may increase bronchopulmonary dysplasia ([@R1]). Safety concerns regarding pharmacologic closure of a PDA corresponds to the potential side effects caused by currently approved treatments, namely indomethacin and ibuprofen. While it has been recently suggested that indomethacin is superior to ibuprofen and acetaminophen in achieving ductus constriction, it poses significant risks for neonatal kidney toxicity ([@R2], [@R3]). In 30% of preterm infants 24 to 32 weeks gestation, a single course of indomethacin resulted in oliguria or a significant decrease in urine output with an increase in serum creatinine ([@R4]). Even infants without frank oliguria often show significant decreases in urine output and increases in serum creatinine. To avoid fluid overload, the volume of parenteral nutrition provided is often reduced before or during indomethacin therapy, resulting in a reduction in energy, protein and carbohydrate intake.

Alleviating the risk and severity of renal impairment associated with indomethacin would remarkably reduce neonatal morbidity. However, no effective approach to attenuate this risk has been identified. Several studies support the use of low dose dopamine to promote urine output in the preterm population, though data are insufficient due to variation in dosing and study population. A meta-analysis reviewing the effects of dopamine in indomethacin-treated infants found no evidence to support the use of dopamine to prevent renal dysfunction ([@R5]). In theory, low-dose dopamine results in renal vasodilation via activation of renal dopamine type 1 (DA~1~) receptors, avoiding the α~1~-adrenergic receptor mediated renal vasoconstriction that occurs at higher concentrations of dopamine.

Fenoldopam ((−)-SKF-82526), a DA~1~-like receptor agonist, has the potential to dilate the renal vasculature since it avoids activating the vasoconstrictive adrenergic receptors typically seen at higher concentrations of dopamine. In critically ill adults and postoperative pediatric cardiac surgical patients, fenoldopam preserves renal function compared to placebo or dopamine ([@R6], [@R7]). Studies in neonates are limited and suffer from retrospective design, small sample size, and heterogeneous study populations. However, in late gestation fetal sheep, an animal model with a pattern of renal development stage similar to humans, we showed that fenoldopam significantly increased glomerular filtration, urine flow, and sodium excretion ([@R8]). Demonstration of similar effects in the preterm infant would confer fenoldopam as an important therapeutic intervention in this population. While we are currently undertaking a randomized clinical trial to determine whether fenoldopam prevents renal dysfunction in preterm infants treated with indomethacin for PDA (NCT 02620761), little is known about the role of DA receptors in vasoreactivity of the ductus arteriosus. In the present study, we tested the hypothesis that dopamine signaling via DA receptors regulates ductus tone. Our objectives were to determine whether: 1) DA receptors are expressed and functional in the ductus; 2) fenoldopam alters vasomotor tone of the ductus; and 3) fenoldopam prevents postnatal ductus closure *in vivo*. Due to limitations in the availability of human ductus tissues for mechanistic research, we used the mouse as an animal model to evaluate the expression and activity of dopamine receptors in the ductus arteriosus.

MATERIALS AND METHODS {#S6}
=====================

Animals {#S7}
-------

All experiments were conducted in accordance with National Institutes of Health Animal Care Standards and approved by the Institutional Animal Care and Use Committee at Vanderbilt University Medical Center. Adult female CD-1 mice were bred overnight to produce timed pregnancies. The presence of a vaginal plug was designated gestational day 1 (d1). On d19 (term gestation), pregnant mice were anesthetized by an intraperitoneal injection of 0.4mL of 1.25% avertin (2,2,2-tribromoethanol in tert-amyl alcohol, Sigma-Aldrich, St. Louis, MO), followed by isoflurane inhalation, and cervical dislocation. Anesthetized fetuses were delivered via cesarean section for tissue collection or were partially dissected to expose the thoracic cavity and then submerged in chilled, deoxygenated (95% N~2~, 5% CO~2~) modified Krebs (in mM; 109 NaCl, 4.7 KCl, 2.5 CaCl~2~2H~2~O, 0.9 MgSO~4~, 1.0 KH~2~PO~4~, 11.1 glucose, 34 NaHCO~3~ (pH 7.3)).

Quantitative Real Time-PCR {#S8}
--------------------------

Ductus and aorta samples from five representative fetuses from three different litters were excised on d19 of pregnancy. Samples were pooled by vessel type and litter. RNA was isolated using TRIzol Reagent (Life Technologies) and a bead homogenizer (BeadMill24, Fischer Scientific) and cDNA was generated using the SuperScript VILO cDNA Synthesis Kit (Invitrogen). Relative levels of gene expression were determined using TaqMan-based RT-qPCR and the Applied Biosystems StepOne Plus Real-Time PCR System with Step-One Software. *Drd1* and *Drd2* probes were used to determine DA~1~ and DA~2~ receptor expression levels, respectively. The housekeeping gene 18s was used as an internal control. Triplicate ΔΔCT values were generated and the fold change in expression was determined by dividing the ductus expression value by the aorta expression value, where aortic expression was set to 1.

Immunohistochemistry {#S9}
--------------------

The great arteries from d19 mouse fetuses were isolated *en bloc*, fixed with 4% paraformaldehyde, subjected to sucrose infiltration and cryosectioning (8μm). The immunohistochemistry methodological approach for identifying the localization of proteins encoded by *Drd1* using an anti-DA~1~-receptor antibody (DRD1, Alomone Labs, ADR-001) and *Drd2* using an anti-DA~2~-receptor antibody (DRD2, Alomone Labs, ADR-002) was performed as we previously reported for serotonin receptors in the mouse ductus arteriosus ([@R9]).

Pressurized Vessel Myography {#S10}
----------------------------

Ductus vessels from 7--9 fetuses representing at least three different litters were used for each myography study. The ductus was freshly isolated from d19 fetuses and vasoreactivity was evaluated using cannulated, pressurized vessel myography and computer-assisted videomicroscopy, as previously described ([@R10]--[@R13]). Briefly, the excised ductus was mounted in custom myography chambers (University of Vermont), then equilibrated for 40 minutes at 37°C and 5mmHg of distending pressure in modified, deoxygenated Krebs buffer. Chambers were placed on an inverted microscope equipped with a digital image capture system (IonOptix; Milton, MA) to record changes in the intraluminal diameter. Pressure was increased to 20mmHg in 5-mmHg increments followed by exposure to 50mM deoxy KCl (in mM: 64 NaCl, 50 KCl, 2.5 CaCl~2~2H~2~O, 0.9 MgSO~4~, 1 KH~2~PO~4~, 11.1 glucose, 34 NaHCO~3~ (pH 7.3) to determine vessel viability and peak contractility. Vessels were then changed from a flow-through system to a recirculating system (20mL total volume) and allowed to re-equilibrate for 20 minutes. This lumen size was recorded as the resting lumen diameter or baseline (BL) for deoxygenated conditions. Changes in lumen diameter in response to increased concentrations (10^−9^M to 10^−4^M) of either dopamine HCl, fenoldopam HCl, SCH23390, the DA~2~ receptor antagonist L-741,626, or the α-adrenergic receptor antagonist phentolamine mesylate (all compounds from Tocris) were recorded and compared. Before each increase in drug concentration, lumen diameters were allowed time to achieve a new stable baseline (minimum of 20 minutes.) For oxygen studies, vessels were changed from a recirculating system that was continuously aerated with deoxygenated gas ("fetal conditions"; pO~2~ \~38--42 Torr) to one aerated with 12% O~2~ (12% O~2~/5% CO~2~/balanced N~2~) ("newborn conditions"; pO~2~ \~115--120 Torr) for at least 60 minutes or until a new constricted baseline was achieved. This lumen size was recorded as the resting lumen diameter or baseline (BL) for oxygenated conditions. To eliminate the effects of endogenous prostaglandins, dopamine and fenoldopam dose response studies were repeated in the presence of indomethacin (10^−5^M). In separate experiments, vessels were exposed to increasing concentrations of oxygen (Krebs buffer bubbled with either 0, 2, 5, 12, 21, or 95% O~2~/5% CO~2~/balanced N~2~) for at least 60 minutes per concentration in the continuous presence of 10^−5^M fenoldopam. To determine if fenoldopam could reverse indomethacin-induced constriction, some vessels were pretreated with 10^−5^M indomethacin (Sigma-Aldrich, St. Louis, MO) for 60 minutes followed by 10^−5^M fenoldopam. At the end of every study, vessels were exposed to 50mM KCl to verify vessel response and integrity.

*In vivo* Evaluation of DA Status {#S11}
---------------------------------

Mouse pups were delivered via cesarean-section on d19 then dried, stimulated, and placed onto a pre-warmed surface set to 37°C. Thirty minutes after birth, littermates were randomly selected and treated with either control (saline) or drug (fenoldopam 1mg/kg or PGE~2~ 10μg/kg) via intraperitoneal injection. Injections were then given hourly to provide a total of four injections. Pups underwent terminal anesthesia thirty minutes after the final injection via isoflurane inhalation and their chests were opened to determine the percent of ductus patency using a previously established visual scoring system ([@R14]).

Statistical Analysis {#S12}
--------------------

For myography studies, change in lumen diameter was plotted as percent change compared to baseline diameter at resting tone. Drug doses represent the cumulative final molar concentration in the recirculating system. Best-fit curves and sigmoidal approximation were analyzed for each dataset (Prism 6, Graphpad Software, La Jolla, CA). Either a paired t-test (gene expression studies) or ANOVA with Bonferroni multiple comparison test (vessel studies) was used to determine statistical significance. The effects of oxygen condition or drug concentration were analyzed by one-way ANOVA; response curves between two different drugs or conditions were compared by two-way ANOVA. All data are represented as mean ± SEM. P values \< 0.05 were considered significant.

RESULTS {#S13}
=======

Dopamine receptors are expressed and functional in the isolated ductus. {#S14}
-----------------------------------------------------------------------

Quantitative RT-PCR demonstrated DA receptors are expressed in both the ductus and the ascending aorta of fetal mice ([Fig. 1A](#F1){ref-type="fig"}), with equal expression of the DA~1~ (aorta, 0.986 ± 0.152; ductus, 0.7912 ± 0.172) but significantly higher expression of DA~2~ receptors in the ductus (aorta, 0.944 ± 0.133; ductus, 3.61 ± 0.662; p \< 0.05). Immunostaining showed localization of DA~1~ receptors in the muscular media and adventitia and DA~2~ receptors in the intimal and adventitial layers of the ductus ([Figs 1C](#F1){ref-type="fig"}, [1D](#F1){ref-type="fig"}).

To determine whether these receptors are functional, isolated vessels were exposed to increasing concentrations of DA (10^−9^--10^−4^M). Under fetal oxygen conditions (deoxy), DA produced a significant concentration-dependent constriction (p \< 0.01), whereas maximum constriction from resting baseline (38%) occurred under newborn O~2~ conditions ([Fig. 1E](#F1){ref-type="fig"}). These responses were unaffected by pretreatment with indomethacin ([Supp. Fig. 1](#SD1){ref-type="supplementary-material"}). Our observations coincide with previous studies, which show that higher concentrations of DA produce greater vasoconstrictive effects due to the activation of adrenergic receptors rather than the stimulation of DA receptors ([@R15], [@R16]). Therefore, to examine the potential mechanisms by which high-dose DA induces ductus constriction, isolated vessels were first exposed to newborn oxygen conditions before receiving pretreatment with 10^−6^M of either a DA~1~-like receptor antagonist (SCH23390), a DA~2~ receptor antagonist (L-741,626), or an α-adrenergic receptor antagonist (phentolamine), followed by exposure to increasing concentrations of DA ([Fig. 1F](#F1){ref-type="fig"}).

Pretreatment of the isolated ductus with the SCH23390 produced a significant increase in DA-induced constriction, reaching a maximum of 55% decrease in lumen diameter from baseline (p \< 0.0001). This was significantly greater than vessels that were not pretreated (E~max~ 38%; p \< 0.0001), consistent with a vasodilatory role for DA~1~-like receptors in the ductus ([Fig. 1F](#F1){ref-type="fig"}). On the other hand, pretreatment of the ductus with the DA~2~ receptor antagonist L-741,626 or phentolamine, abolished the observed concentration-dependent constriction at lower concentrations of DA and instead resulted in ductus dilation, reaching a maximum of 8% (L-741,626; p \< 0.001) and 17% (phentolamine; p \< 0.001) greater lumen diameter than at basal tone. Furthermore, pretreatment with L-741,626 and phentolamine significantly altered DA-induced effects on the ductus when compared to vessels solely treated with DA (p \< 0.01 and p \< 0.0001, respectively). These findings are consistent with DA-induced vasoconstriction via DA~2~ and α-adrenergic receptors at higher concentrations.

Fenoldopam (a DA~1~-like receptor agonist) has an insignificant effect on ductus tone. {#S15}
--------------------------------------------------------------------------------------

Fenoldopam, a DA~1~-like receptor agonist, has been previously reported to relax isolated arteries in a concentration-dependent manner ([@R17],[@R18]). Under fetal oxygen conditions, increasing concentrations of fenoldopam had either no effect on ductus tone or exhibited a slight uptrend in vessel diameter at the highest concentration. On the other hand, vessels under newborn oxygen conditions displayed a minor concentration-dependent constriction ([Fig. 2A](#F2){ref-type="fig"}, [B](#F2){ref-type="fig"}), although neither effects were statistically significant compared to baseline lumen diameter. A significant difference was noted when the two oxygen conditions were compared (p \< 0.0001). These responses were unaffected by pretreatment with indomethacin ([Supp. Fig. 2](#SD1){ref-type="supplementary-material"}).

Fenoldopam does not affect the ductus' response to oxygen. {#S16}
----------------------------------------------------------

To determine whether fenoldopam treatment can interfere with the ability of the ductus to sense and respond to oxygen by any of the proposed mechanisms for oxygen-induced ductus closure ([@R19]), vessels in deoxygenated conditions were abruptly exposed to 12% O~2~ to simulate the rise in oxygen tension at birth. Acute exposure constricted the *ex vivo* ductus from resting tone by 54% ([Fig. 3A](#F3){ref-type="fig"}). Vessels pretreated with 10^−5^M fenoldopam prior to 12% O~2~ exposure constricted to approximately the same degree (48%) (p\>0.05) ([Fig. 3B](#F3){ref-type="fig"}), suggesting that fenoldopam does not impair O~2~-induced constriction of the ductus in newborn oxygen conditions. This effect was similar in the presence or absence of indomethacin (10^−5^M) ([Suppl Fig. 3](#SD1){ref-type="supplementary-material"}).

To further determine whether fenoldopam could affect O~2~-induced ductus constriction, a separate set of vessels were first pretreated with 10^−5^M fenoldopam and then exposed to increasing concentrations of oxygen (0%, 2%, 5%, 12%, 21%, and 95%) while continuously in the presence of fenoldopam ([Fig. 3C](#F3){ref-type="fig"}). At concentrations below 12%, there was a decreased trend in oxygen-induced ductus constriction (non-significant), whereas at oxygen concentrations above 12%, an increased trend in ductus constriction was observed (non-significant). At 12% oxygen, there was no difference in ductus tone, corresponding to findings in on-off exposure studies ([Fig. 3A](#F3){ref-type="fig"}, [B](#F3){ref-type="fig"}). Although oxygen exposure induced significant constriction compared to baseline lumen diameter under each condition (p \< 0.0001), there was no difference between untreated vessels and fenoldopam pretreated vessels.

Fenoldopam does not inhibit indomethacin-induced constriction of the ductus arteriosus. {#S17}
---------------------------------------------------------------------------------------

To determine whether fenoldopam's vasodilatory properties might impair indomethacin-induced ductus constriction, the isolated ductus was pretreated with 10^−5^M indomethacin followed by 10^−5^M fenoldopam under both newborn ([Fig. 4A](#F4){ref-type="fig"}, [B](#F4){ref-type="fig"}) and fetal ([Fig. 4C](#F4){ref-type="fig"}) oxygen conditions. The ability of indomethacin to constrict the *ex vivo* ductus was significantly lower in fetal oxygen conditions, but in both cases, fenoldopam did not impair indomethacin-induced constriction of the ductus (p \> 0.05).

In vivo exposure to fenoldopam does not prevent postnatal closure of the ductus. {#S18}
--------------------------------------------------------------------------------

Treatment with fenoldopam has the potential to produce vasodilation in any vascular bed that is rich in DA~1~-like receptors. Because our data show that the ductus expresses these receptors, we evaluated whether fenoldopam could impair postnatal closure of the ductus *in vivo*. Compared to saline injected newborns, offspring treated with fenoldopam had no impairment in ductus closure after 4 hours in room air. By comparison, newborn pups treated with PGE~2~ (as a positive control) demonstrated the presence of PDA with a significant decrease in the frequency of postnatal ductus closure ([Fig. 5A](#F5){ref-type="fig"}, [B](#F5){ref-type="fig"}).

DISCUSSION {#S19}
==========

Dopamine is one of the most commonly prescribed drugs for extremely low birth weight infants in the NICU, often being used for the treatment of systemic hypotension associated with PDA ([@R20]). Additionally, dopamine has been used to induce renal vasodilation and maintain urine output in indomethacin treated infants ([@R21]). However, little is known regarding the role of dopamine and selective dopamine receptors on vasoreactivity of the ductus arteriosus. Using RT-qPCR and immunostaining techniques, we demonstrated the presence of DA~1~ and DA~2~ receptors within the term mouse ductus arteriosus. Under newborn O~2~ conditions, DA induced modest ductus vasoconstriction at concentrations (10^−6^--10^−4^M) that typically exceed those obtained during systemic dopamine infusion ([@R22]). Alpha adrenergic receptor blockade with phentolamine inhibited DA-induced ductus constriction, suggesting the vasoconstrictive effects of DA are mediated through these receptors. A vasoconstrictive effect of dopamine on the isolated ductus is not surprising given its known pharmacologic properties on other vascular tissues. At low concentrations, dopamine selectively binds to Gα~s~ protein-coupled vascular DA~1~ receptors, activating adenylate cyclase activity and raising intracellular cAMP concentrations, leading to vasodilation. At higher concentrations, dopamine activates vascular α~1~-adrenergic receptors resulting in vasoconstriction and increased regional arterial resistance. Co-administration of phentolamine, an α-adrenergic receptor antagonist, attenuated this response in the mouse ductus, suggesting similar mechanisms are in place in this tissue.

Similar to our previous studies in this model, we found differential effects of drug exposure depending upon the oxygen concentration (fetal vs. newborn conditions). The response of the ductus to increased oxygen tension is complex, accentuating contractile responses and modulating vasodilatory responses to various stimuli via multiple signaling pathways. In our mouse model, we have previously demonstrated oxygen-dependent differences (fetal vs newborn oxygen conditions) to a number of vasoactive agents and that these differences are, in part, related to isoprostane generation ([@R23]). The generation of other types of reactive oxygen species as well as direct effects of increased oxygen tension on numerous factors mediating ductal tone has been demonstrated by other investigators ([@R19], [@R24]).

The effects of systemic infusion of dopamine on ductus patency in preterm infants is unknown. In hypotensive infants with PDA, dopamine infusion (13 +/− 5 μg/kg/min) increased systemic and pulmonary artery pressures ([@R25]). The pulmonary/systemic mean arterial pressure ratio increased in 9 infants, whereas it remained unchanged or decreased in the other 9 infants. Unfortunately, the impact of dopamine infusion on ductus vasoreactivity was not evaluated. However, in a small trial of infants designed to determine if concomitant dopamine infusion impacted ductus closure rates, no impact of low dose (2 ug/kg/min) or high dose (5 ug/kg/min) was found ([@R26]). To our knowledge, the effect of dopamine on the isolated ductus arteriosus has not been previously studied *in vivo* or *in vitro*.

Five subtypes of dopamine receptors (D~1~, D~2~, D~3~, D~4~ and D~5~ receptors) have been described which mediate the physiological functions of dopamine in the brain, kidney, gastrointestinal and cardiovascular system. As members of the GPCR superfamily, DA receptors have a canonical seven-transmembrane structure and signal through both G protein-dependent and -independent mechanisms ([@R27]). DA~1~-like and DA~2~-like receptors have been localized in a large number of arterial vascular beds ([@R15]). Previous studies using various adult vessels have shown stimulation of vascular DA~1~-like receptors causes direct vasodilation via activation of adenylate cyclase activity and increasing intracellular cAMP concentrations, while stimulation of vascular DA~2~-like receptors results in indirect vasodilatation from inhibition of norepinephrine release and sympathetic vasoconstrictor tone ([@R28], [@R29]).

DA~1~-like receptors are ubiquitously expressed in the systemic arterial system, localized primarily to the tunica media of the aorta, carotid, vertebral, mesenteric and renal arteries and multiple layers of the pulmonary artery ([@R15], [@R30], [@R31]). In spontaneously hypertensive rats, fenoldopam produced dose dependent decreases in arterial pressure while significantly increasing mesenteric and renal blood flows ([@R32]). Pretreatment with the DA~1~-like receptor antagonist SCH23390 significantly attenuated these effects, suggesting that fenoldopam-mediated vasodilation resulted from stimulation of vascular DA~1~ receptors. *In vitro*, fenoldopam relaxed pre-constricted human arteries from brachial, cerebral, cervical, colic, coronary, lumbar, pulmonary, renal and splenic sites ([@R28]). The effects of fenoldopam were not endothelium dependent but were antagonized by the DA~1~-like receptor antagonist, SCH23390. In adult humans, fenoldopam also results in dose-dependent decreases in systolic and diastolic blood pressure. In the pediatric population (1 month -- 12 years of age), fenoldopam decreased mean blood pressure at doses as low as 0.2 μg/kg/min, with a maximal effect at 0.8 μg/kg/min ([@R33]).

Little is known regarding the activity of DA~1~-like receptors in development. In human umbilical arteries, fenoldopam induces vasoconstriction at supratherapeutic concentrations. This effect can be blocked by the irreversible alpha-adrenergic receptor antagonist phenoxybenzamine but not the reversible antagonist phentolamine ([@R34]). We previously examined the effects of systemic fenoldopam infusion in preterm and near-term fetal sheep. In contrast to results in postnatal animals and humans, fenoldopam increased mean arterial blood pressure in a dose-dependent manner via unknown mechanisms ([@R8]). Additionally, fenoldopam had no effect on renal blood flow velocity, but increased urine volume and sodium excretion in near-term, but not preterm sheep. This latter finding suggests that renal DA~1~ receptors and/or coupled second messenger systems are developmentally regulated.

We determined that DA~1~ receptors were expressed at equal levels in the ductus and ascending aorta of fetal mice, whereas DA~2~ receptors were more highly expressed in the ductus. Interestingly, exposure to the DA~2~ receptor antagonist L-741,626 attenuated the vasoconstrictive effects of dopamine, which is surprising given the purported role of DA~2~ in suppressing norepinephrine release, and thus functioning in a vasodilator capacity ([@R35]). Deletion of the *Drd2* gene which encodes for the DA~2~ receptor results in hypertension in mice ([@R36]). Furthermore, in porcine carotid arteries, activation of DA~2~ increased eNOS and iNOS expression in VSM and endothelium which in turn would result in vasodilation ([@R37]). These contrasting findings suggest further study of the DA~2~ receptor in the fetal mouse ductus is needed.

In contrast, we found the DA~1~-like receptor antagonist SCH23390 augmented DA-induced ductus constriction, consistent with a vasodilating role for the DA~1~ receptor. Moreover, fenoldopam induced minor ductus dilation in fetal O~2~ conditions and minor constriction in newborn O~2~ conditions while having no appreciable effect on indomethacin- or O~2~-induced ductus constriction. Finally, systemic administration of fenoldopam demonstrated no impairment of postnatal closure *in vivo*. Taken together, our findings collectively suggest that: 1) DA~1~-like receptor activation has limited effects on ductus vasoreactivity and 2) the clinical use of DA~1~ agonists to attenuate the risk of renal injury will not negatively impact natural or pharmacological ductus closure.

Our study is not without limitations. First, we did not examine the entire family of dopamine receptors. Additional studies are needed to fully understand specific roles of DA~1~-like and DA~2~-like receptors within the ductus. Second, our model system does not allow continuous infusions of drugs for *in vivo* studies. Rather, we are limited to repeated intraperitoneal dosing, making drug dosing problematic. For example, our dose of fenoldopam was chosen to be approximately 10-fold greater than that shown to be active when delivered intravenously ([@R38]). However, data regarding the biological activity of our chosen dose in newborn mice are lacking. Finally, while our long-term clinical goal is to study the efficacy of fenoldopam in attenuating the risk of kidney injury during PDA treatment, we did not evaluate the expression of dopamine receptors in the newborn mouse kidney. While renal vascular and nephron dopamine receptor localization has been explored in the adult, developmental expression has not been explored ([@R39]). A comprehensive evaluation is beyond the scope of this work. Additionally, studies in late gestation fetal have previously demonstrated fenoldopam increases glomerular filtration rate, urinary flow rate and urinary sodium excretion ([@R8]).

Experience with fenoldopam in neonates is limited. In a retrospective review of 22 neonates administered fenoldopam to treat oliguria, no significant changes in urine output, serum creatinine, or electrolytes were found ([@R40]). In contrast, Costello reported in a retrospective cohort that use of fenoldopam in post-operative neonates with insufficient response to diuretics increased urine output ([@R6]). Clearly additional studies are needed to determine if fenoldopam may be of therapeutic benefit in the neonatal population. The results of the present study, in which selective DA~1~ receptor activation had little or no effect on *ex vivo* ductus constriction nor *in vivo* closure, provides reassurance that concomitant use of dopamine or fenoldopam should not negatively impact rates of ductus closure with indomethacin. Our ongoing clinical trial of fenoldopam to prevent AKI in preterm infants receiving indomethacin will help in determining if there is a place for this agent in the limited pharmaceutical armamentarium available to preterm infants.
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![Dopamine receptors are expressed and functional in the isolated ductus.\
**(A)** RT-qPCR indicates the presence of DA~1~ and DA~2~ dopamine receptors in the day 19 mouse embryo ductus arteriosus (d19 DA) compared to aorta (d19 Aorta) (15 representative offspring from 3 litters). Isolation and immunostaining of term gestation outflow tracts **(B)** showed localization of DA~1~ receptor protein (DRD1) in the muscular media and adventitia (arrows) **(C)** and localization of DA~2~ receptor protein (DRD2) in the intimal (endothelial) and adventitial layers **(D)** of the ductus (arrows). **(E)** The isolated ductus displayed significant dopamine-induced vasoconstriction compared to baseline diameter under deoxy ("fetal"; o; n=9) and 12% ("newborn"; ●; n=7) oxygen conditions. **(F)** Term vessels under newborn oxygen conditions were pretreated with different inhibitors: 10^−6^M SCH23390 (o; n=8), L-741,626 (□; n=9), or phentolamine (▲; n=9), compared to untreated vessels (12% O~2~; ●; n=7). All pretreated vessels had significant change in ductus diameter at E~max~ compared to resting baseline (BL) dimensions (\*) and were significantly different from vessels that received no pretreatment († p \< 0.0001, two-way ANOVA). Data shown are mean ± SEM; p \< 0.05 (\*) was considered significant. AO, aorta; BPA, branch pulmonary artery; DA ductus arteriosus; MPA, main pulmonary artery.](nihms-1544972-f0001){#F1}

![Fenoldopam has minimal effect on ductus tone.\
**(A)** Representative tracing of changes in ductus lumen diameter in response to initial KCl stimuli, shift in oxygen conditions (12%), and progressive drug exposure. **(B)** Cumulative concentration response curves show that the *ex vivo* ductus exposed to increasing concentrations of fenoldopam have non-significant changes in lumen diameter under deoxy ("fetal"; o; n=8) or 12% ("newborn"; ●; n=9) oxygen conditions in comparison to baseline (BL) diameter. A small but significant difference was noted between the two oxygen conditions († p \< 0.0001, two-way ANOVA). Data shown are mean ± SEM.](nihms-1544972-f0002){#F2}

![Fenoldopam does not impair oxygen-induced constriction of the ductus arteriosus.\
**(A)** Representative tracing of ductus lumen diameter changes in response to 12% O~2~ in the absence or presence of 10^−5^M fenoldopam. **(B)** Under newborn oxygen conditions (12%), the ductus significantly constricted from resting baseline, regardless of fenoldopam exposure (54% vs. 48%; n=7). **(C)** In separate experiments, progressive exposure to increasing oxygen in the organ bath induced significant ductus constriction (Krebs buffer bubbled with 0--95% O~2~). Oxygen-induced ductus constriction in the presence of 10^−5^M fenoldopam (o; n=9) was not significantly different than constriction without drug (●; n=9). Data shown are mean ± SEM; p value \< 0.05 (\*) was considered significant compared to baseline (BL) diameter in 0% oxygen conditions.](nihms-1544972-f0003){#F3}

![Fenoldopam has no effect on indomethacin-induced constriction of the ductus arteriosus.\
**(A)** Representative tracing of ductus lumen diameter changes in response to 10^−5^M fenoldopam in the presence of both newborn oxygen conditions (12%) and 10^−5^M indomethacin. **(B)** Constriction of the isolated ductus after exposure to newborn oxygen conditions (12%) and treatment with indomethacin was no different than similarly treated vessels in the presence of fenoldopam (n=8). **(C)** In separate experiments, fenoldopam had no effect on indomethacin-induced constriction under fetal oxygen conditions (n=9). Data shown are mean ± SEM.](nihms-1544972-f0004){#F4}

![Fenoldopam exposure does not prevent postnatal closure of the ductus.\
Newborn littermates reared in room air were injected with either saline (control), fenoldopam, or PGE~2~. **(A)** Representative images show ductus closure at 4 hours of age in a fenoldopam-injected animal and persistent patency of the DA in a PGE~2~-treated littermate. AO, aorta; PA, pulmonary artery. Arrow indicated ductus arteriosus. **(B)** Frequency distribution showing the percent patency of the ductus arteriosus in newborn mice exposed to control (saline; black bars; 14 representative pups from 5 litters), fenoldopam (1mg/kg; white bars; 18 representative pups from 2 litters), or PGE~2~ (10μg/kg; hatched bars; 27 representative pups from 6 litters). Percent total represents all animals studies (ie cumulative percent total for each group equals 100%. All control and fenoldopam treated mice had complete ductus closure by 4 hours of age, whereas 89% of pups receiving PGE~2~ treatment displayed some degree of patency, ranging from 10% to 100% patent.](nihms-1544972-f0005){#F5}
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